Abstract: This paper deals with the roller chain commonly used for transmission of mechanical power on many kinds of industrial machinery, including conveyors, cars, motorcycles, bicycles, and so forth. It consists of a series of four components called a pin, a bush, a plate, and a roller, which are driven by a sprocket. To clarify the fatigue damage, in this paper, the finite element method (FEM) is applied to those components under three different types of states, that is, the press-fitting state, the static tensile state, and the sprocket-engaging state. By comparing those states, the stress amplitude and the average stress of each component are calculated and plotted on the fatigue limit diagram. The effect of the plastic zone on the fatigue strength is also discussed. The results show that the fatigue crack initiation may start around the middle inner surface of the bush. As am example, the FEM results show that the fatigue crack of the inner plate may start from a certain point at the hole edge. The results agree with the actual fractured position in roller chains used in industry.
Introduction
The roller chain is commonly used for transmission of mechanical power on many kinds of industrial machinery including conveyors, cars, motorcycles, bicycles, and so forth. As shown in Figure 1a , the roller chain consists of a series of four components called a pin, a bush, a plate, and a roller. In Figure 1 , the driving force is directly transmitted to the chain by the engaged sprocket connected to a power source. Compared with the belt drive, the transmission capacity is larger, the slip is negligibly smaller, and the transmission efficiency is also higher. These advantages of the roller chain are utilized in wide industrial fields such as steel, automobiles, chemistry, food, and electronics. The roller chain is prescribed by the Japanese Industrial Standard (JIS B 1801) in 1952. A lot of efforts have been done to improve the reliability of the roller chain and to extend the fatigue life by introducing high-strength components and by applying new technology to increase wear resistance. In spite of those efforts, however, sometimes fatigue failure has been observed for the bush and pin as well as the link plate during the operation.
In the roller chain in Figure 1c , the pin is inserted at both ends of the link plates, which are subjected to tensile load. In the previous studies, wear between the components were discussed [1] [2] [3] [4] [5] . The stress analysis of the link plate was carried out in detail, but the influence of press fitting was not conducted and the state of the roller chain was tensile state only [6] [7] [8] . The fatigue experiment On the other hand, in recent years, high-performance materials, such as ceramics, are being used as the components of roller chains instead of conventional steel [30] . Since the ceramics are expensive and difficult to be manufactured, the conventional trial and error approach cannot be applied. Therefore, it is necessary to clarify the strength reliability of each component of the roller chain. For example, a perforated plate is commonly used as a model for designers to understand the stress concentration on a link plate with holes [8] . However, as shown in Figure 1 , since the link plate is used after a pin is inserted in the hole, the validity of this modeling should be discussed.
Since the previous studies have not considered the details of the maximum stress and maximum stress amplitude, this paper focuses on each component, that is, the inner plate, outer plate, bush, and pin in Figure 1 , as well as the assembled roller chain structure. In this paper, although the dimensions of the roller chain and the shrink fitting ratio are fixed, the most important dimensions of the roller chain are proportional to the size of the roller chain. Therefore, the present results may be useful for other sizes of roller chains. The position and the magnitude of the maximum and minimum stresses will be obtained. Then, the maximum stress amplitude will be clarified for each component during operation. The strength evaluation obtained by 3D FEM modeling will be compared with the results of 2D FEM modeling. Then, the necessity of three-dimensional analysis will be examined. The severity of each component will be compared to find out the most critical location where it is most likely to be fractured. Figure 1 shows the schematic illustration including five components of the roller chain. The bush and the pin are pushed into the inner plate and the outer plate so that they cannot be rotated. Only the roller can rotate around the bush. The outer link consists of a pin and an outer plate. The inner link consists of a bush and an inner plate. Figure 2 shows the layout of the model of the roller chain used in this study. The tensile load applied to the chain can be calculated from the motor power. In the tensile state and in the sprocket-engaging state, different stresses are applied to the chain. Here, consider the fundamental tensile force during the operation of the chain. Table 1 shows the specification used to calculate motor power P.
Materials and Methods

Structure of Roller Chain
Calculation of Chain Tension
The following formula is used to calculate the required power of the motor P [31] : Here, T is the maximum tensile load acting on the chain, h is the horizontal distance of the conveyor, d is the vertical distance of the conveyor. V is transfer speed, η is the mechanical transmission efficiency of the transmission section, W is the mass of the conveying section, and µ 1 is the coefficient of friction between the chain and the guide rail.
By substituting the data in Table 1 into Formula (1), the tensile force T can be calculated as
Although the chain has two strands, by considering the unbalanced load, the tensile load T 1 can be approximated as 1.2 times of T/2 [32] .
Since T 1 is the total force applied to the two outer plates, T 1 /2 = 19.15 kN is applied to each plate.
Dimensions and Mechanical Properties of Each Component
Finite element analysis software MSC.MARC/Mentat 2012 (MSC, Palo Alto, CA, USA) was used and the elastic-plastic analysis was performed by using hexahedral 8-node isoparametric element. Since the plastic zone size was within several millimeters, the present analysis was very close to the elastic analysis. The effect of the plastic zone on the fatigue strength will be explained in Section 6. Considering the symmetry of the problem, the half model in Figure 1 was considered. For contact analysis, direct constraint method was used. Table 2 shows the dimensions of a roller chain considered in this study with the FEM mesh. Table 3 shows the material properties of each component. The clearance between the pin and bush was 0.5 mm, and the clearance between the roller and bush was 0.8 mm. Assume the friction coefficient µ = 0.3. Later, in Section 5, the FEM results in the 2D model will be discussed as shown in Figure 12 . The dimensions and mesh size of the 2D model were approximately the same as that of the inner plate in Table 2 . The stress on the stress concentration portion obtained from the analysis result of this model was 233 MPa, which is consistent with the theoretical result of a finite plate with a circular hole. Figure 3a is a schematic illustration of the roller chain drive system where a driving force is provided from a sprocket. The applied load varies depending on the position of the chain. The shrink-fitting ratios are larger than the commonly used press-fit ratio δ/d = 1.0 × 10 −3 [33] . In the press-fit state, there is no external force applied whose situation appears after the engaging state of the chain.
Analysis Model
In Figure 3c , the tensile force T 1 /2 = 19.15 kN in Section 2.2 was applied to the models of the outer and inner plates. Pins were mainly subjected to shear loads from both the plates, and bushes were mainly subjected to bending by the link plate.
In Figure 3d , the roller was pushed by the tooth surface of the sprocket since the chain was engaged with the sprocket. The outer link was subjected to tension to balance the force from the sprocket. Thus, the outer plate was under tension and the inner plate was not under tension. The pin was subjected to the shear force from the outer link and the pin was also subjected to the bending from the bush. The bush contacted the pin at the inner surface and the roller at the outer surface and was subjected to the bending from the outer plate. The mean stress and stress amplitude can be obtained by considering state 1 Figure 4 shows several examples of broken components during real operation of the roller chain. The dimensions of Figure 4 are not exactly the same as the dimension in Table 2 . However, a similar trend in fracture can be seen in different sizes of the roller chain. Here, Figure 4a shows an example of the broken inner plate, Figure 4b shows an example of the broken bush, and Figure 4c shows an example of the broken pin. From the failure components investigated, it may be conjectured that the most damaged component is the pin, since several pins were fractured around the stress concentration portion due to a stepped corner.
Several Examples of Real Failure of Roller Chain
of the broken inner plate, Figure 4b shows an example of the broken bush, and Figure 4c shows an example of the broken pin. From the failure components investigated, it may be conjectured that the most damaged component is the pin, since several pins were fractured around the stress concentration portion due to a stepped corner. However, in this study, to reduce the computational time, a simple cylinder pin was assumed without step. Therefore, the detail stress was not studied for pins. This paper mainly focuses on breakage of the bush and inner and outer plates. Figure 4 (a-1,a-2) shows examples of the inner plate failure. In Figure 4 (a-1), the fatigue crack initiated at θ = 90° of the pin hole and propagated perpendicular to the tensile direction. However, in Figure 4 (a-2), the fatigue crack initiated at θ = 0° of the hole edge and propagated in the tensile direction. On the other hand, Figure 4 (b-1,b-2) shows an example of the bush failure. In Figure 4 (b-1), the fatigue crack initiated at around the central portion of the bush where the sprocket engaged force is applied. From Figure 4 (b-2), the fatigue crack initiated at the inner surface of the central portion of the bush and propagated to the outer surface and the z-direction. It is seen that the circumferential stress θ σ controls the fractured surface θ =const.
Based on the discussion, the following sections mainly focus on the circumferential stress θ σ , since this stress component may control the fatigue crack extension. Figure 5 shows the results for the bush under (a) press-fitting state, (b) tensile state, and (c) engaging state. Large compressive stresses appeared at the press-fitting portion of the bush in Figure  5a , and in Figure 5c , relatively large tensile stresses appeared at the inner surface in state③under engaging state. In Figure 5 , selected stress values are indicated only at the surface, all inside stresses are also considered, and several stresses are indicated. However, in this study, to reduce the computational time, a simple cylinder pin was assumed without step. Therefore, the detail stress was not studied for pins. This paper mainly focuses on breakage of the bush and inner and outer plates. Figure 4 (a-1,a-2) shows examples of the inner plate failure. In Figure 4 (a-1), the fatigue crack initiated at θ = 90 • of the pin hole and propagated perpendicular to the tensile direction. However, in Figure 4 (a-2), the fatigue crack initiated at θ = 0 • of the hole edge and propagated in the tensile direction. On the other hand, Figure 4 (b-1,b-2) shows an example of the bush failure. In Figure 4 (b-1), the fatigue crack initiated at around the central portion of the bush where the sprocket engaged force is applied. From Figure 4 (b-2), the fatigue crack initiated at the inner surface of the central portion of the bush and propagated to the outer surface and the z-direction. It is seen that the circumferential stress σ θ controls the fractured surface θ = const.
Results and Discussion
Stress Analysis Results for Bush
Based on the discussion, the following sections mainly focus on the circumferential stress σ θ , since this stress component may control the fatigue crack extension. Figure 5 shows the results for the bush under (a) press-fitting state, (b) tensile state, and (c) engaging state. Large compressive stresses appeared at the press-fitting portion of the bush in Figure 5a , and in Figure 5c , relatively large tensile stresses appeared at the inner surface in state 3 under engaging state. In Figure 5 , selected stress values are indicated only at the surface, all inside stresses are also considered, and several stresses are indicated.
Results and Discussion
Stress Analysis Results for Bush
The stress values in Figure 5 were chosen by considering the risk of fatigue failure. To evaluate the risk, the following aspects were taken into account, that is, a the magnitude of tensile stress appeared at each operating condition; b previous failure information such as the position, maximum tensile direction shown discussed in Section 3; c the magnitude of stress amplitude appeared during operation. In Figure 5 , a total of 5 points were selected in the following way: Point (1) around θ = 6 • had the largest tensile stress and Point (2) around θ = 14 • had the second largest stress under engaging state. Point (3) around θ = 0 • and Point (4) around θ = 83 • were selected since they had compressive stress more than two times larger than the maximum tensile stress at Point (1). Table 4 shows the stress amplitude at Points (1), (2), (3), (4) as well as the mean stress from the maximum and minimum stresses during operation. The results in Table 4 are plotted in the fatigue limit diagram as shown in Figure 6 . In Table 4 , Point (5) around θ = 0 • was also considered and plotted in Figure 6 since the stress amplitude was the largest at this point. The effect of the frictional forces between the bush and the pin can be also discussed in the following way. FEM calculation shows that the maximum compressive stress σ r at the inner surface was 1265 MPa. By assuming that the friction coefficient µ = 0.3, the frictional force can be estimated about 380 MPa [34] , which is about 60% of σ θmax . Since the frictional stress was small, it may be concluded that the repeated frictional force was not the main reason for crack initiation. In Figure 6 , in order to compare the severity of Points (1)- (5), a modified Goodman line is indicated. In this fatigue limit diagram, tensile strength σ B = 1666 MPa in Table 3 was used. The fatigue limit σ w0 = 666.4 MPa in Figure 6 can be obtained from the ratio σ w0 /σ B = 0.4 in reference [35] .
By taking an example of Point (1), the safety factor (SF) was obtained as shown in Figure 6 from the following equation:
Here, Point A shows the results of Point (1) and Point A' can be obtained as the intersection point between the extended OS line and the modified Goodman line. All results in Figure 6 were based on the bush surface stresses, which were larger than the nearby inside stresses. Due to this stress gradient of the bush component, it should be noted that exceeding the modified Goodman line does not mean the corresponding point's failure. Since Figure 6 shows that all results were within the modified Goodman line, it may be concluded that the bush was completely safe. From Figure 6 , it was found that Point (1) had the smallest SF and most severe for the bush. The maximum and minimum stresses were found out from FEM results by comparing the results of several points in the bush.
Let us consider the reason why the maximum tensile stress σ θ max appeared on the inner surface of the bush, especially at Point (1) . Figure 8a ,b shows the bush deformation enlarged by 50 times in the r-direction. Figure 8c shows σ θ stress distribution at cross section z = 2.4 mm where the surface stress reached a peak value. As shown in Figure 8c , the bush was subjected to bending moment and flattened so that the maximum tensile stress occurred around θ = 0 • at the inner surface of the bush [36] . The stress around Point (1) was the most severe and consistent with the actual damage location observed in Figure 4 The stress values in Figure 8 were chosen in a similar way to Figure 5 . Point (1) around θ = 0°
had the largest θ σ under (a) press-fitting state, Point (2) around θ = 60° had the largest θ σ under (b) tensile state, and Point (3) around θ = 154° had the largest θ σ under (c) engaging state. Point (4) around θ = 6° had the largest stress amplitude and Point (5) around θ = 90° had the second largest stress amplitude. Table 5 shows the stress amplitude at Points (1), (2), (3), (4), (5) as well as the mean stress from the maximum and minimum stresses during operation. The results in Table 5 are plotted in the fatigue limit diagram as shown in Figure 9 . In Figure 9 , the stress state of the inner plate was close to the fatigue limit. Among them, Point (1), where there was an angle of θ = 6° to the stretching direction, was in the dangerous zone. Figure 7 shows the results for the inner plate under (a) press-fitting state, (b) tensile state, and (c) engaging state. Large tensile stresses appeared at the press-fitting portion of the bush in Figure 7a . In Figure 7b , large stresses appeared at θ ∼ = 0 • and θ ∼ = 90 • .
Stress Analysis Result for Inner Plate
The stress values in Figure 7 were chosen in a similar way to Figure 5 . Point (1) around θ = 0 • had the largest σ θ under (a) press-fitting state, Point (2) around θ = 60 • had the largest σ θ under (b) tensile state, and Point (3) around θ = 154 • had the largest σ θ under (c) engaging state. Point (4) around θ = 6 • had the largest stress amplitude and Point (5) around θ = 90 • had the second largest stress amplitude. Table 5 shows the stress amplitude at Points (1), (2), (3), (4), (5) as well as the mean stress from the maximum and minimum stresses during operation. The results in Table 5 are plotted in the fatigue limit diagram as shown in Figure 9 . In Figure 9 , the stress state of the inner plate was close to the fatigue limit. Among them, Point (1), where there was an angle of θ = 6 • to the stretching direction, was in the dangerous zone. Table 5 . Maximum stress σ θ max σ θ max and minimum stress σ θ min , mean stress σ θ m and stress amplitude σ θ a for inner plate [MPa] . Figure 10 shows the results for the outer plate under (a) press-fitting state, (b) tensile state, and (c) engaging state. Similar to the inner plate, the tensile stress near the hole of the outer plate was very high.
Stress Analysis Result for Outer Plate
The stress values in Figure 10 were chosen in a similar way to Figure 5 . Point (1) around θ = 13 • had the largest σ θ under (a) press-fitting state, Point (2) around θ = 140 • had the largest σ θ under (b) tensile state, and Point (3) around θ = 148 • had the largest σ θ under (c) engaging state. Point (4) around θ = 167 • and Point (5) around θ = 90 • had relatively large stress amplitudes. Table 6 shows the stress amplitude at Points (1)- (5) as well as the mean stress from the maximum and minimum stresses during operation. The results in Table 6 are plotted in the fatigue limit diagram as shown in Figure 11 . The stress states of all the points were on the relatively safe side, among which Point (1), where the stress amplitude was largest, was most dangerous. At Point (1), the maximum stress occurred at an angle θ = 13 • from the tensile direction in the press-fit state. In the fatigue limit diagram, the most dangerous points were close to the edge of the hole in the tensile direction, where θ = 0 • and θ = 180 • . Table 6 . Maximum stress σ θ max and minimum stress σ θ min , mean stress σ θ m and stress amplitude σ θ a for outer plate [MPa] . 
Necessity of Three-Dimensional Modeling
In the previous sections, the strength of the inner and outer plates were discussed by using a 3D model. To simplify the discussion, here, 3D modeling will be discussed by comparing the result with 2D modeling. This is because 2D modeling has been used in the design of the roller chain to calculate the strength of the inner plate and outer plate [8, 37] .
The width of the plate in the 2D model was 45mm. The length of the plate in the 2D model was 150 mm. There was a center circular hole with the diameter of half of the plate width, at the center of the plate used in the analysis. The plate was subjected to a tensile force T1/2 = 19.15 kN. Figure 12 shows the two-dimensional model and boundary conditions used in the analysis. Figure 12a shows the holed plate model without load. Figure 12b shows the holed plate model under tensile. Figure 12c shows the disk-fitted model without load. Figure 12d shows the disk-fitted model under tensile. Compared to the model shown in Figure 12a (2) and (3), which were along the tensile direction. Table 7 shows the maximum stress σ θ max , minimum stress σ θ min , stress amplitude σ θa , and average stress σ θm at each point obtained by FEM analysis. Figure 13 shows the fatigue limit diagram for the 2D plate. From Table 7 and Figure 13 , the following can be seen:
(1) From the comparison between the results of the holed plate model in Figure 12a ,b, and the results of the disk-fitted model in Figure 12c ,d, it can be found that the maximum stress, minimum stress, and average stress of the disk-fitted model in Figure 12c ,d are 3 times larger than those of the holed plate model in Figure 12a ,b. (2) The fatigue strength safety factor of the disk-fitted model in Figure 12c ,d is only 1/2 of that of the holed plate model in Figure 12a ,b. (3) As shown in Figure 13 , the results of the holed plate model in Figure 12a The model in Figure 12a ,b has been used in design of the roller chain to calculate the strength of the inner and outer plates [8, 37] . However, the above (1) to (4) show that the 2D model in Figure 12a -d is not suitable and 3D modeling is necessary.
In this section, the necessity of 3D modeling was discussed. The discussion and approach in this paper are quite general, therefore they can be applied to developing different and new types of roller chains. Table 7 . Maximum stress σ θ max and minimum stress σ θ min , mean stress σ θ m and stress amplitude σ θ a in Figure 12 [MPa]. 
Model
Effect of Plastic Region in Roller Chain on the Fatigue Strength
In this section, the effect of the plastic zone on the fatigue strength will be discussed because the plastic zone appears for the outer and inner plates due to the press fitting of the pin and bush. Figures 14-16 show the plastic zone under difficult state. In Figure 14 , the plastic zone of the bush was within several mm of the region at the upper portion contacted with the plate. Point (3) and (4) in Figure 6 were in the plastic zone. However, the other Points (1), (2), (4), (5) were in the elastic zone. In Figure 15 , the plastic zone of the inner plate appeared only at the hole edge z = 0. The plastic zone of the inner plate included Point (1) in Table 5 where the maximum tensile stress appeared. In Figure 16a , a larger plastic zone of the outer plate appeared around the hole edge due to press fitting of the pin. However, the width of the plastic zone was within 2 mm in the r-direction, which is only 14% of ligament of the outer plate. As described above, since the plastic region was observed, the following is a discussion of damage assessment from the viewpoint of low cycle fatigue. Damage evaluation in low cycle fatigue is evaluated based on Manson-Coffin's rule shown in the following equation:
Here, ∆ε is the plastic strain range, C is the fatigue ductility coefficient, k is the fatigue ductility index, and N is the number of iterations until failure. Table 8 shows the maximum plastic strain ε , the minimum plastic strain ε , and plastic strain amplitude for the bush, inner plate, and outer plate. Table 8 also shows the mean stress σ and stress amplitude σ by focusing on the most severe point. From Table 8 , ∆ε was much smaller than ∆ε 0.5%, which causes low cycle fatigue failure N 10 for similar materials SS640 and SCM435 [38] . Therefore, ∆ε in roller chains is smaller and safe. Since the effect of the plastic zone is not very large, the present analysis is very close to the elastic analysis. The effect of the plastic region in the roller chain on the fatigue strength was considered in this section. It was found that present elastic analysis is sufficient because the plastic strain amplitude was not very large. As described above, since the plastic region was observed, the following is a discussion of damage assessment from the viewpoint of low cycle fatigue. Damage evaluation in low cycle fatigue is evaluated based on Manson-Coffin's rule shown in the following equation:
Here, ∆ε p is the plastic strain range, C p is the fatigue ductility coefficient, k p is the fatigue ductility index, and N f is the number of iterations until failure. Table 8 shows the maximum plastic strain ε θp max , the minimum plastic strain ε θp max , and plastic strain amplitude for the bush, inner plate, and outer plate. Table 8 also shows the mean stress σ θ m and stress amplitude σ θ a by focusing on the most severe point. From Table 8 , ∆ε θp was much smaller than ∆ε θp = 0.5%, which causes low cycle fatigue failure N f = 10 4 for similar materials SS640 and SCM435 [38] . Therefore, ∆ε θp in roller chains is smaller and safe. Since the effect of the plastic zone is not very large, the present analysis is very close to the elastic analysis.
The effect of the plastic region in the roller chain on the fatigue strength was considered in this section. It was found that present elastic analysis is sufficient because the plastic strain amplitude was not very large. Table 8 . Strains of three kinds, maximum plastic strain ε θp max , minimum plastic strain ε θp min , and plastic strain amplitude ∆ε θp in the three components, and comparing with the evaluation by stresses. 
Component
Conclusions
In this study, the failure strength was considered for the components of roller chains by applying FEM analysis. This paper focused on each component, that is, the inner plate, outer plate, bush, and pin in Figure 1 , as well as assembled roller chain structure. The position and the magnitude of the maximum and minimum stresses were obtained. In addition, the maximum stress amplitude of each component during operation was clarified.
On the basis of used conditions in Table 1 , the dimension in Table 2 , and materials in Table 3 , the following conclusions can be obtained: Figure 12a ,b is not suitable for the stress estimation since the pin is inserted in the hole. The results of the 2D pin-inserted model in Figure 12c ,d are different from the 3D model. Therefore, 3D modeling is necessary. Since the discussion and approach in this paper are quite general, they can be applied to developing different and new types of roller chains. (5) The effect of the plastic region in roller chains on the fatigue strength was considered. It was found that present elastic analysis is sufficient because the plastic strain amplitude is not very large.
In this paper, the dimensions of the roller chain and the shrink fitting ratio were fixed. Then, the stress of each component was discussed, as well as the assembled roller chain structure. However, the most important dimensions of the roller chain are proportional to the size of the roller chain. Therefore, the present results may be useful for other sizes of the roller chain. The effect of wear on the fatigue strength will be considered in future studies.
